1. Introduction {#sec1-molecules-20-15072}
===============

BV comes from the sting of honey bees that use it to protect the bee colony. BV is a protein complex consisting of melittin, phospholipase A2, apamin, and hyaluronidase. Among these components, melittin ([Figure 1](#molecules-20-15072-f001){ref-type="fig"}), a 26 amino acid peptide with the following sequence: Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gin-NH~2~ is the principal component of BV \[[@B1-molecules-20-15072]\]. The molecular weight of melittin is about 3 kD. It has a high aqueous solubility, which has potential for use as a biologically active peptide drug. BV had been found to have good effects on the immune system \[[@B2-molecules-20-15072]\], cardiovascular system \[[@B3-molecules-20-15072]\], blood \[[@B4-molecules-20-15072]\], and anti-tumor effects \[[@B5-molecules-20-15072]\]. BV therapy has also been practiced in traditional medicine \[[@B6-molecules-20-15072],[@B7-molecules-20-15072],[@B8-molecules-20-15072]\]. Among the BV components, melittin is commonly used in the treatment of arthritic disorders, such as rheumatoid arthritis and osteoarthritis \[[@B9-molecules-20-15072],[@B10-molecules-20-15072],[@B11-molecules-20-15072]\]. Direct stings using bees was a traditional treatment method for arthritis. It has many disadvantages such as the pain caused by the sting, difficulty for maintaining the regular blood concentration, the need for long-term administration of a series of stings or injections due to the short half-life of melittin, and the inconvenience to patients. The conventional regimen also requires a course of administration three times a week over 8--10 weeks, with a high cost \[[@B12-molecules-20-15072]\]. These disadvantages often lead to poor patient compliance \[[@B13-molecules-20-15072]\], making necessary the design of a suitable sustained release system which provides a long-term and constant therapeutic effect.

![Chemical structure and amino acid sequence of bee venom.](molecules-20-15072-g001){#molecules-20-15072-f001}

In recent years, nanoparticles (NPs) were prepared from biodegradable polymers such as poly-[d]{.smallcaps},[l]{.smallcaps}-lactic-co-glycolic acid (PLGA). PLGA ([Figure 2](#molecules-20-15072-f002){ref-type="fig"}), a copolymer of lactic and glycolic acid approved by FDA for certain clinical uses, is one of the most biocompatible, biodegradable and non-toxic materials used for preparing NPs \[[@B14-molecules-20-15072]\]. It has the ability to control the release of active pharmaceutical ingredient from NPs, resulting in improved patient compliance by eliminating the need for frequent injections \[[@B15-molecules-20-15072],[@B16-molecules-20-15072]\]. The degradation period of NP can be controlled from days to years by altering the type and amount of polymer, the polymer molecular weight, or the NP structure. PLGA particles have also been demonstrated to be an excellent drug carrier for arthritic lesions following radiopharmaceutical scintigraphic studies in rabbits \[[@B17-molecules-20-15072]\]. BV can be sustain-released and maintained its efficacy for a long time using PLGA particles, which decreases the administration interval and improves patient compliance. It is essential to characterize the physicochemical properties of BV prior to preparation of BV-loaded PLGA particles. Therefore, the aim of this study was to characterize the physicochemical properties of BV under the various conditions related with the preparation of PLGA particles.

![Chemical structured of PLGA types. Chemical structure of PLGA 50:50 (R 502H); Chemical structure of PLGA 75:25 (R 752H).](molecules-20-15072-g002){#molecules-20-15072-f002}

2. Results and Discussion {#sec2-molecules-20-15072}
=========================

2.1. Determination of Melittin Content in the BV {#sec2dot1-molecules-20-15072}
------------------------------------------------

Melittin was selected as a marker compound in BV, because it is known that melittin is the most abundant component among the complex of proteins and peptides that constitute BV. In this study we found that the content of melittin was 53.3% ± 0.9%. This result is similar to those found in other publications \[[@B7-molecules-20-15072],[@B18-molecules-20-15072]\].

2.2. Stability of BV {#sec2dot2-molecules-20-15072}
--------------------

Three common protein degradation pathways are aggregation, deamidation, and oxidation. The factors affecting degradation are various, such as pH, ionic strength, temperature, buffer composition and so on. Strategies to reduce protein degradation are based on an understanding of the degradation mechanisms, the changes in the storage conditions, and the effect of formulation component changes on the degradation \[[@B19-molecules-20-15072],[@B20-molecules-20-15072]\], so we conducted stability tests on BV according to storage conditions, pH, ultrasonication, homogenization, and exposure to organic solvents to investigate the stability of BV for the preparation of BV-loaded PLGA particles in the future.

The stability of BV might be affected by the storage conditions and storage period. We thought the most stable storage condition for BV could be at 4 °C in distilled water, with shading from light except for dry powder. The amount of melittin according to storage period is shown in [Figure 3](#molecules-20-15072-f003){ref-type="fig"}. A significant decrease of 10% melittin was observed over 8 weeks. Based on this result, it was suggested that the stability of melittin at 4 °C in distilled water, with protection from light, could be maintained for up to 8 weeks.

![The melittin content in bee venom according to storage period. Data are expressed as the mean ± SD (*n* = 3).](molecules-20-15072-g003){#molecules-20-15072-f003}

Generally, pH has a strong effect on protein aggregation. Proteins are often stable against aggregation over narrow pH ranges and may aggregate rapidly in solutions with pH outside these ranges \[[@B21-molecules-20-15072],[@B22-molecules-20-15072],[@B23-molecules-20-15072],[@B24-molecules-20-15072]\]. To investigate the effect of pH on the BV, this experiment was performed using the various pH solutions. The effect of pH on the BV is shown in [Figure 4](#molecules-20-15072-f004){ref-type="fig"}. The BV was stable under acid condition (pH 1--6), but was less stable under neutral conditions and unstable under basic conditions. From this result, we knew the BV is stable and the PLGA particle preparation process usually occurs at acidic conditions under pH 6. Many papers \[[@B25-molecules-20-15072],[@B26-molecules-20-15072],[@B27-molecules-20-15072]\] explain how the electrostatic charge repulsion destabilizes the tetrameric helical structure of melittin. A low pH decreases the electrostatic charge repulsion and thus stabilizes the conformational stability of melittin.

![Effect of pH on bee venom. The bee venom was stable in acid condition (pH 1--6). Data are expressed as the mean ± SD (*n* = 3).](molecules-20-15072-g004){#molecules-20-15072-f004}

Organic solvents used for the preparation of NPs may denature proteins. Metabolites and acids liberated by the degrading poly(ester) degrade proteins, which causes insoluble protein agglomeration and leads to incomplete protein release \[[@B28-molecules-20-15072],[@B29-molecules-20-15072],[@B30-molecules-20-15072],[@B31-molecules-20-15072]\].

To select an adequate organic solvent and investigate the effect of organic solvent on BV during the preparation of BV-loaded PLGA particles, this experiment was performed using various organic solvents. The effect of the various organic solvents on the BV is shown in [Figure 5](#molecules-20-15072-f005){ref-type="fig"}. The melittin content in BV decreased by 10% in all organic solvents. It was thought that the effect of the organic solvents was minimal due to the short contact time between the BV and organic solvent during the actual preparation process, which could be prevented using sugars \[[@B32-molecules-20-15072]\]. The melittin showed below 50% stability in *n*-heptane and ethanol and above 50% in acetonitrile, ethyl acetate, dichloromethane, and *n*-propyl alcohol. Among these solvents, we think dichloromethane is the most suitable organic solvent for the preparation of BV-loaded PLGA particles because acetonitrile is too expensive to be used as organic solvent for PLGA particle preparation and the yield is very low. In addition, agglutination of particles was occurred in ethyl acetate and *n*-propyl alcohol (data not shown).

![Effect of organic solvents on bee venom; Data are expressed as the mean ± SD (*n* = 3).](molecules-20-15072-g005){#molecules-20-15072-f005}

Ultrasonic and homogenization emulsification methods have been studied for many decades and have attracted increasing interest recently \[[@B33-molecules-20-15072],[@B34-molecules-20-15072]\]. Studies comparing ultrasonic emulsification with rotor-stator dispersing \[[@B34-molecules-20-15072],[@B35-molecules-20-15072]\] found ultrasound to be competitive or even superior in terms of droplet size and energetic efficiency. Ultrasonication and homogenization efficiently homogenize aqueous protein solutions in organic polymer solutions, which is the first important step for efficient drug encapsulation in PLGA particles. However, ultrasonication, like other homogenization methods, can damage the physical stability of peptides and proteins, thus the effect of ultrasonication on BV stability was examined by ultrasonicating BV solutions. Ultrasonication times over 2 min led to a statistically significant decrease of melittin concentration (*p* \< 0.05) compared to 0 min, as determined by *t*-test ([Figure 6](#molecules-20-15072-f006){ref-type="fig"}). Ultrasonication times over 2 min might damage the physical stability of BV. Based on the result, the time under 2 min was selected as ultrasonic emulsification time for the preparation of BV-loaded PLGA particles, in agreement with the literature \[[@B36-molecules-20-15072]\].

![Effect of ultrasonication time on bee venom. Data are expressed as the mean ± SD (*n* = 3).](molecules-20-15072-g006){#molecules-20-15072-f006}

The effect of homogenization on BV stability was also examined by homogenizing BV solutions ([Figure 7](#molecules-20-15072-f007){ref-type="fig"}).

![Effect of homogenization time and state on bee venom. Data are expressed as the mean ± SD (*n* = 3).](molecules-20-15072-g007){#molecules-20-15072-f007}

The higher the RPM of the homogenizer, the greater the reduction of melittin content in BV was. We thought the strong physical power and heat generated by the homogenizer damaged the BV. In the view of heat produced by the homogenizer, the stability of BV might be improved by using an ice bath during the homogenization. Also, sucrose improved the stability of BV during the homogenization and this was correlated with the fact that hydration by sucrose increases protein. Sucrose surrounds BV and it protect from the physical power generated by the homogenizer. It is agreed with other publication, protecting the protein from the physical power generated by the homogenizer \[[@B37-molecules-20-15072]\].

2.3. Surface Morphology of BV {#sec2dot3-molecules-20-15072}
-----------------------------

SEM was used to assess the microscopic surface morphology of the drug. BV is characterized by the presence of irregular sized particles. Photomicrographs of the samples obtained by SEM are shown in [Figure 8](#molecules-20-15072-f008){ref-type="fig"}. The surface of BV was smooth and irregular like a piece of broken glass. This might be because BV is a complex of proteins. The SEM images showed BV was in a crystal form and did not have protein aggregation, meaning BV was stable in the solid state.

![Surface morphology of bee venom.](molecules-20-15072-g008){#molecules-20-15072-f008}

3. Experimental Section {#sec3-molecules-20-15072}
=======================

3.1. Materials {#sec3dot1-molecules-20-15072}
--------------

BV was obtained from Wissen Co. Ltd (Daejeon, Korea). PLGA (50:50 Resomer RG 502H and 75:25 Resomer RG 752H) with free carboxyl end groups was a gift from Dongkook Pharm (Jincheon, Korea). Polyvinyl alcohol (PVA) (M.W; 13,000--23,000 and 146,000--186,000) and a melittin standard were purchased from Sigma-Aldrich Korea (Yongin, Korea). Ethyl acetate was purchased from Daejung Chemicals and Materials (Daejeon, Korea). Dichloromethane (DCM) was purchased from Samchun Chemicals (Pyeongtaek, Korea). All other chemicals were commercial analytical grade products and used without further purification.

3.2. High Performance Liquid Chromatography (HPLC) {#sec3dot2-molecules-20-15072}
--------------------------------------------------

Melittin was selected as an marker compound in BV because it is the most abundant component among the complex of proteins in BV. Stock solution of melittin was prepared at 2 mg/mL in distilled water. To prepare calibration standards, this stock solution was serially diluted using distilled water and yielded 1000, 500, 250, 125, 50, 25, 5, 1 µg/mL solutions for linearity and lower limit of quantification (LLOQ) assays. The concentration of melittin was determined using an Agilent 1100 Series HPLC (Agilent Technologies, Palo Alto, CA, USA) instrument, operated at ambient temperature, consisting of an automatic autosampler system equipped with a loop injection valve and a variable wavelength UV-VIS detector. The column used was a C18 column (Zobrax, 250 × 4.6 mm, 5 µm particle size, Agilent^®^). Column temperature was 35 °C. The flow rate of the mobile phase was 1 mL/min and the detection wavelength was set to 280 nm. The mobile phase A was 0.1% trifluoroacetic acid in distilled water containing 10% acetonitrile. The mobile phase B was 0.1% trifluoroacetic acid in acetonitrile containing 10% distilled water. The mobile phase was filtered through a 0.45 μm membrane filter and degassed via ultrasonic water bath prior to use. The following gradient conditions were used: 75% mobile phase A for 3 min, from 75% to 50% mobile phase A in 3 min, from 50% to 20%, back to 75% mobile phase A in 4 min, and maintain mobile phase A for 5 min. Injection volume was 20 μL.

3.3. Characterizations of BV {#sec3dot3-molecules-20-15072}
----------------------------

### 3.3.1. Determination of Melittin Content in the BV {#sec3dot3dot1-molecules-20-15072}

BV was dissolved in distilled water at a concentration of 1 mg/mL. The BV solution was centrifuged at 4 °C and 12,000 rpm for 10 min for HPLC. The HPLC peak area of melittin in the BV was compared with that of a melittin standard.

### 3.3.2. Stability Test of BV {#sec3dot3dot2-molecules-20-15072}

A stability test of melittin in BV on storage at 4 °C in distilled water, shaded from light, was conducted. Samples were taken at indicated intervals of 0, 1, 2, 3, 4, 6, 8 and 16 weeks from three batches. As well as, the stability test of melittin in BV according to pH was conducted in various pH values. BV was added to the various pH solutions (1 mg/mL) and stirred for 72 h. The amount of melittin in the samples was then measured by HPLC.

The stability test of melittin in BV in organic solvent was conducted by adding BV to various organic solvents (glacial acetic acid, acetone, acetonitrile, ethyl acetate, dichloromethane, *n*-heptane, *tert*-butanol, tetrahydrofuran, MeOH, EtOH, *n*-propyl alcohol, 1 mg/mL) and incubating the solutions for 1 h. Samples were stirred sufficiently and the organic solvent was evaporated under a N~2~ gas purge. Distilled water was added to the samples and the samples (1 mg/mL) were stirred. The amount of melittin in the samples was measured by HPLC. A stability test of melittin in BV under ultrasonication was conducted. BV was dissolved in distilled water (0.8 mg/mL). Samples were ultrasonicated at 8--12 W for 10 min. The amount of melittin of each sample was then measured by HPLC. In addition, the stability melittin in BV towards RPM and time of homogenization was tested. BV was dissolved in distilled water (1 mg/mL). Samples were homogenized at 15,000, 20,000, and 25,000 rpm under no ice bath, ice bath, or ice bath adding 5% sucrose conditions. Samples (0.8 mL) were obtained at 1, 2, 3, 5, 10, 15, 20, and 30 min and the amount of melittin in the sample was measured by HPLC.

### 3.3.3. Observation of BV Surface Morphology {#sec3dot3dot3-molecules-20-15072}

Scanning electron microscopy (SEM) was used to observe the shape of BV. BV was dropped onto double-sided carbon tape, which was then vacuum-coated for 50 seconds with a mixture of gold and palladium and the morphology examined with a FE-SEM (JEOL JSM7500, Thermo, Waltham, MA, USA) at 3 kV accelerating voltage.

4. Conclusions {#sec4-molecules-20-15072}
==============

In this study, we characterized the physicochemical properties of BV under various conditions related to the preparation of PLGA particles. We examined the various effects of organic solvent, content of melittin in the BV, pH, ultrasonication time, and emulsification time and rate and stability of BV in PLGA particles. The concentration of melittin, the main component of BV was 53.3%. The stability of BV at 4 °C in distilled water was maintained during 8 weeks when shaded from the light. Among organic solvents, dichloromethane was the most suitable for the preparation of BV-loaded PLGA particle. Two min was selected as the ultrasonic emulsification time for the preparation of BV-loaded PLGA particles. Based on the results, this study provides experimental parameters for the preparation of BV-loaded PLGA particles. Further studies will be performed such as the actual preparation of BV-loaded PLGA particles, optimization of the preparation process, *in vitro* release tests, and *in vivo* use tests.
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